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Abstract 

The rapid progress of organoid technologies is attributable to 
the application of developmental biology principles, but orga- 
noid methods need further refinement provided by engineering 
approaches. However, we must first begin with common 
consensus on the critical features that distinguish organoids 
from simpler microtissues that lack the cellular complexity, 
structure, and function that organoids can achieve. Further- 
more, current abilities to derive organoids from stem cells or 
multipotent progenitors favor certain germ lineages and tissue 
types more so than others, although the full reasons for this 
imbalance have yet to be determined. Technical challenges 
remain to identify the critical starting parameters for organoid 
reproducibility, systematically manipulate the proportions of 
differentiated cells from progenitors, and comprehensively 
characterize cell phenotypes spatially using advanced tran- 
scriptomic and 3D imaging methods. Advances in these 
regards will undoubtedly improve the robustness and predict- 
ability of existing organoids and permit the creation of orga- 
noids that have yet to be described. 
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Introduction 

Embryos have traditionally served as the primary model 
to study tissue specification and developmental pro- 
cesses, but ethical considerations limit the ability to 
interrogate human morphogenic events in a similar 
manner. Thus, the need to create tractable im vitro 


platforms to directly examine critical aspects of human 
development has led to the pursuit of organoids and 
their ability to recapitulate embryonic morphogenesis. 
The rapid emergence and widespread use of diverse 
organoid models has been achieved by combining 
developmental biology principles with more robust en- 
gineering technologies to significantly improve our un- 
derstanding of complex human morphogenic 
phenomena. 


Since the earliest days of pluripotent stem cell (PSC) 
biology, 3D culture methods, such as hanging drop, have 
been used to assess differentiation potential. Embryoid 
bodies (EBs), 3D spheroidal constructs of PSCs that 
spontaneously self-assemble and differentiate into 
multiple germ lineages in parallel, were the first PSC 
model intended to emulate organotypic morphogenesis 
[1—3]. However, EB differentiation is notoriously het- 
erogeneous and inconsistent between batches, and in- 
dividual spheroids exhibit highly variable proportions of 
differentiated cells from different germ lineages. The 
uncontrolled cellular heterogeneity was largely due to 
the complexity and inconsistency of serum composi- 
tion—the primary inducer of EB differentiation. How- 
ever, as developmental signaling pathways and cell fate 
specification became better understood, more defined 
cocktails of morphogens and/or chemical compounds 
replaced the prevalent use of serum, which facilitated 
directed differentiation to specific germ lineages and 
the creation of organoids that recapitulate tissue- 
specific multicellular organization and functional prop- 
erties. In addition to tissue-specific organoids, ex vivo 
models of specific stages of embryonic development 
have emerged by mimicking developmental signals. For 
example, ‘embryoids’ or ‘gastruloids’ recapitulate the 
earliest cell specification and symmetry breaking events 
before the emergence of distinct tissues [4—6], thereby 
vastly improving on the stochastic nature of EB cellu- 
larity and architectural arrangement. 


The ability to generate a diverse array of organoid 
models from human PSCs in conjunction with current 
gene editing technologies has afforded many new op- 
portunities for the development of organoids as biolog- 
ical tools to study tissue homeostasis and disease. For 
instance, introducing oncogenic mutations into cerebral 
organoids via CRISPR-Cas9 gene editing recapitulates 
brain tumorigenesis [7], whereas the effects of infec- 
tious disease outbreaks can be directly examined by 
infecting developing forebrain organoids with Zika virus, 
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resulting in reduced neuronal cell volume reminiscent of 
microcephaly [8] and thus offering a screening platform 
to test potential antiviral drugs [9]. Organoid models 
also enable drug discovery for hereditary diseases, such 
as lung [10] and intestine [11] organoids derived from 
patients with cystic fibrosis that were used to identify 
compounds capable of restoring function. Organoids can 
not only advance the study of host—pathogen in- 
teractions [12,13], but also enable biomanufacturing of 
human pathogens, such as noroviruses, that can only be 
cultivated in the appropriate physiologic environment 
provided by human enteroid models [14]. Recent 
studies also demonstrate unique applications of orga- 
noids, such as snake venom gland organoids that pro- 
duce functionally active toxins, which can facilitate the 
development of various antidotes [15]. However, orga- 
noid technologies still face several challenges, such as 
the inherent variability between individual organoids, 
experiments, and cell lines, and limited examples of 
mesoderm-derived organoids relative to current ecto- 
derm and endoderm models. Here, we survey recent 
progress in the field of organoid engineering, by first 
discussing the necessary criteria that define 3D tissue 
constructs as organoids, evaluating the current land- 
scape of organoid development, and proposing solutions 
for current limitations. 


A consensus definition for ‘organoids’ 

Analogous to the functional criteria used to define ‘bona 
fide’ stem cells, similar requirements must be met for an 
in vitro tissue construct to be properly classified as a true 
‘organoid’: 1) a miulti-lineage stem/progenitor cell 
source, 2) 3D multicellular structure, 3) co-emergence 
and self-organization of multiple distinct cell types, 


Figure 1 
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and 4) functional properties resembling the corre- 
sponding native tissue (Figure 1). 


PSCs and multipotent progenitors are innately capable 
of generating organoids because of their ability to give 
rise to multiple types of differentiated progeny. PSCs 
are advantageous because they can serve as a single 
isogenic source of various multipotent progenitor 
populations by first directing their specification to 
distinct germ lineages that yield tissue-specific pro- 
genitor(s). In addition, the relative ease of genomic 
editing of PSCs enables monitoring the emergence of 
specific cell types with transgenic fluorescent protein 
expression, as well as interrogation of the impacts of 
specific genes on tissue development, for example, by 
gene inhibition (CRISPRi) or activation (CRISPRa). 
Alternatively, multipotent progenitors obtained from 
tissue sources (often via biopsy) have more restricted 
differentiation capacity and do not exist for all tissues. 
Nevertheless, sampling multiple progenitors from 
different individuals or patient populations enables 
disease modeling for conditions that have not yet been 
described for PSCs. Although intestine [16—18], liver 
[19—21], and lung [10,22] organoids have been suc- 
cessfully generated from both PSC- and tissue-derived 
cells, many other models have only been achieved 
with one and not the other, such as several different 
brain organoids [8,23]. The complementary use of 
different progenitor cell sources affords a wealth of 
different types of organoids that can be adapted for 
particular tissue or disease modeling applications. 


As a first step towards recapitulating native tissue 
structure, stem/progenitor cells are typically cultured in 
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a 3D format. Most often, cells are aggregated to promote 
intimate cell contact in a 3D multicellular arrangement. 
This mimicry of cell condensation is most often achieved 
through a combination of spontaneous aggregation 
[17,24] and suspension culture methods [8,19,23]. 
Entrapment of pluri- or multipotent progenitors, either 
as single cells or spheroids, in hydrogels can enable lon- 
gitudinal analysis of individual organoids as well as pro- 
vide further specification cues. Matrigel has been used 
extensively as an encapsulation material and/or supple- 
ment in cell culture media during early stages of organoid 
differentiation, providing a complex microenvironment 
that instructs cell specification and patterning events, 
such as the establishment of apical/basal polarity, 
neuroepithelial buds, cortical plate formation, retinal 
primordium morphology, and posterior gut tube epithe- 
lial patterning [18,25,26]. Synthetic hydrogels are less 
common in established organoid protocols, but are 
increasingly being examined as support scaffolds for 
survival and maintenance of intestine and lung organoids 
[27,28]. Synthetic polymer microfilaments have also 
been exploited to induce brain organoid elongation, 
improve neuroepithelial polarization, and direct differ- 
entiation to specific brain regions [25]. Both natural and 
synthetic biomaterials have been observed as essential 
for organoid morphogenic and patterning complexity, yet 
there is still a need to dissect the mechanisms behind 
the biomaterial impacts, for example, determining 
whether the specific contributions are a result of me- 
chanical properties, chemical composition, material 
shape, or most likely, a combination of these factors. 


The most critical phase transition of organoid generation 
from any progenitor source is the co-emergence of 
multiple cell types that occurs through the parallel 
specification of different cell types. The emergence of 
distinct phenotypes is not an entirely random event, but 
rather, resembles 7 vivo morphogenesis. The proper 
balance, spatially as well as temporally, between 
different cell types is a critical determinant of organoid 
formation that seems to be self-regulated by the 
multicellular entity without exogenous intervention. 
The necessary result of organization is that cells are 
spatially primed (via physical or paracrine interactions) 
to promote proper tissue structure and function. How- 
ever, not all multicellular organization events will sup- 
port successful organoid generation; instead, tissues may 
fail to self-organize altogether—remaining a collective 
mass of heterogeneous cells that will not yield func- 
tional outputs—or, organization events may occur in a 
manner that does not produce the structure needed for 
subsequent tissue growth, specification, or function 
[23]. Cell organization events can occur over the course 
of hours to days and can be as simple as the formation of 
cystic-like liver or fallopian tube spheroids [19,29], or as 
complex as stratified layers of cerebral organoids 
[23,25]. Fallopian tube and liver organoids start as pro- 
genitor cells embedded in Matrigel that expand into 


cystic-like spheres that are then cultured in differenti- 
ation media promoting the specification and maturation 
into distinct tissue-specific cell types [19,29]. Organo- 
ids with stratified architecture are more prone to orga- 
nizational failure because of the complexity of the 
mechanisms underlying the cascade of events that pre- 
cedes organoid formation. Brain organoids, for example, 
can fail at multiple stages, from neuroectoderm induc- 
tion to bud formation or erroneous cystic formation [23]. 


‘Tissue-specific functional attributes manifest once the 
developing organoid has specified multiple cell types and 
self-organized into a permissive arrangement. At least 
one functional property specific to the native target 
tissue must be demonstrated to declare an 7 vitro tissue 
‘an organoid.’ Proper organoid function can be assessed in 
multiple ways, including electrophysiological measures 
[30], detection of hormone and enzyme secretion 
[18,29,31—33], and physiological response to chemical 
compounds or mechanical stress [29,31—34]. For elec- 
trically excitable tissues, such as those composed of 
neurons or cardiomyocytes, the assessment of calcium 
handling and action potential properties is critical to 
describe cellular maturation and subtype specification. 
Other organoid models that exhibit physiological meta- 
bolic functions (i.e. gut, liver, kidney) can be evaluated 
by detecting secreted molecules or metabolites or by 
characterizing their response to chemical stimuli [33]. 
These methods of functional quantification are nonde- 
structive and therefore can be used to longitudinally 
assess organoid development. Lastly, for organoids that 
do not exhibit measurable electrical or chemical activity, 
such as skin organoids, function can be evaluated by the 
appearance of hallmark architectural features, such as 
the development of hair follicles [35,36]. 


Altogether, these four critical features (at a minimum) 
should be demonstrated before the assertion is made 
that a 3D tissue construct is truly deemed worthy of 
being described as an ‘organoid.’ Thus, conservative use 
of the term ‘organoid’ should be followed by researchers 
for the purposes of clarity and accuracy. 


The contrasting landscape of organoid 
development 

The diversity of organoid models has rapidly accelerated 
because of advances in fundamental principles of 
developmental biology and engineering stem cell tech- 
nologies. However, many bona fide examples of orga- 
noids that fulfill the aforementioned criteria still remain 
to be created. For instance, the current landscape of the 
field reveals a propensity for the generation of ecto- 
derm- and endoderm-derived organoids, whereas many 
highly desirable mesoderm-derived organoid models are 
completely absent or lacking in terms of cellular 
complexity, higher order structure, and functional 
properties (Figure 2). 
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Survey of organoid landscape by developmental origin. Tissue type, progenitor cell source, morphogenic structure, and relevant references. 


During development, specification of germ lineages 
occurs first with the bifurcation of ectoderm from 
mesendoderm followed by the division of mesendoderm 
into endoderm and mesoderm [37]. Ectoderm, 


positioned as the outer layer in the embryo, gives rise to 
the nervous system and epidermis; thus, ectoderm- 
derived organoids range from neural subtypes (non- 
specific [23] to regional-specific [8,38] models; optic 
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cup [26]), which are the most widely adopted organoid 
models, to a few non-neural ectoderm models, such as 
skin and inner ear hair follicle organoids [35,36] and 
mammary and salivary gland [39—41] organoids. 
Ectoderm-derived organoids tend to develop radially 
stratified organizational structures with the exception of 
the gland organoids that undergo branching/budding 
phenomena. 


Endoderm-derived organoids also commonly exhibit 
cystic and branching/budding structures. Endoderm- 
derived organoids (pancreas [42], liver [19,21], lung 
[10,22], thyroid [43]) start by specifying definitive 
endoderm and are largely generated from multipotent 
tissue-derived cells, as most tissues of endoderm lineage 
typically retain a regenerative capacity attributable to 
the presence of resident tissue self-renewing pro- 
genitors. Furthermore, many of the established 
endoderm-derived organoids require a mesenchyme/ 
stromal support population for tissue development and 
higher order structural specification, which may be 
ascribed to the shared ancestry of the initial embryonic 
mesendoderm lineage. For example, mesenchyme fac- 
tors FGF10 and laminin are necessary for pancreatic 
progenitor maintenance and expansion as well as for 
polarity induction, respectively. Furthermore, liver bud 
organoids require mesenchymal support (either from 
primary bone marrow-derived mesenchymal stromal 
cells [24] or PSC-derived mesenchyme [20]) for spon- 
taneous condensation to occur [44]. 


Although a few mesoderm-derived organoid models 
exist, including kidney [34], fallopian tube [29], and 
endometrium [31,32], many desirable mesoderm tissues 
that meet the aforementioned organoid criteria (orga- 
nization of multiple cell types arising from a common 
progenitor population) are notably lacking in the field. 
‘Those mesoderm organoids that do exist share common 
characteristics with several endoderm and ectoderm 
tissues, such as tissue-resident epithelial source that 
gives rise to fallopian tube and endometrial organoids 
[29,31,32]. Furthermore, the generation of fallopian 
tube organoids mimics gastrointestinal organoid culture 
methods to preserve stemness and expand fallopian 
epithelial cells, even using gastric organoid medium 
[29,45], whereas endometrial organoid creation uses 
multiple shared factors with liver organoids to promote 
self-renewal and expansion [21,31,32]. Therefore, suc- 
cessful generation of mesoderm-derived organoids may 
require significantly different types of approaches than 
those that have been largely successful for epithelial- 
based tissue models. For example, the lack of other 
mesoderm organoids could be due to the diverse origins 
of mesoderm-derived tissues, which originate from 
progenitor cells that migrate long distances from 
distinct developmental regions to converge during 
tissue development, such as primary and secondary 
heart field and neural crest cells [46]. The absence of 


mesoderm-derived tissue models, such as the heart, may 
also be due to the lack of a native postnatal regenerative 
cell population that can be isolated to create organoids. 


The elusive creation of muscle organoids may require 
more complex cues and multiple progenitor populations. 
The heart is the first organ to form during embryogen- 
esis through a series of complex organizational events 
that requires chemical cues and cell migration from 
surrounding tissues, such as the foregut, neural crest, 
and proepicardial organ. Therefore, the lack of multiple 
co-existing germ layers in the same organoid system is 
perhaps one of the limiting factors for the generation of 
putative cardiac organoid models. The first muscle- 
containing organoid was recently reported by differen- 
tiating spheroids of bipotent neuromesodermal pro- 
genitors (from human PSCs) in 3D to model 
neuromuscular junctions [47]. Furthermore, the emer- 
gent organizational structures observed across many 
types of organoid models suggest that certain morpho- 
genic phenomena seem to be organizationally more 
feasible to recreate m vitro, such as striated layers [23] 
and budding/branching [10,17,22,39,40] phenotypes. 
However, looping and fusion events that contribute to 
heart chamber development have yet to be achieved 
ex vivo, potentially because these morphogenic pro- 
cesses involve combinations of multiple progenitors that 
arise differentially in space and time during 
development. 


Current limitations of organoid engineering 
Despite the rapid emergence of organoids over the past 
decade, limitations regarding formation, culture control, 
and technological analysis continue to hinder the field. 
However, application of bioengineering tools and tech- 
niques to several aspects of organoid manufacturing may 
improve control of organoid formation, multicellular or- 
ganization, and multimodal analyses. The precise start- 
ing conditions that yield successful organoid generation 
often remain hard to identify, let alone control. The 
variable efficiency of successful organoid generation is a 
major limitation, which is likely due to a number of 
multicellular parameters, including cell state, ratio of cell 
types, and cell density, among others. Variability in suc- 
cessful organoid cultures tends to occur more so between 
batches as opposed to within batches [48,49] analogous 
to the inherent variability of zn vitro directed differenti- 
ation protocols across different cell lines—something 
that is also observed when generating organoids [49,50]. 
Better definition of the critical parameters leading to 
consistent organoid generation should lead to more 
consistent outcomes. Early metrics of batch quality (i.e. 
flow cytometry of multicellular proportions, gene 
expression ratios of specific cell markers, or sorting for 
desired morphological features [51]) could allow for 
identification of starting cell populations that are primed 
for successful organoid culture. 
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In addition to variable efficiency of organoid emergence, 
the inability to control cell specification and organiza- 
tion events directly within organoids suggests that novel 
cell patterning platforms could enhance the reliability of 
organoid generation. For example, intrinsically mediated 
patterning could be achieved by mixing isogenic popu- 
lations of stem cells with one or more subpopulations 
having modulated gene expression of specific molecules. 
This was recently demonstrated by using CRISPRi to 
knockdown E-cadherin (CDH1) or ROCKI in a sub- 
population of iPSCs, resulting in separation of knock- 
down cells from naive iPSCs without the loss of 
pluripotency [52]. In addition, different spatial patterns 
of iPSCs predicted by machine learning approaches 
were created by varying the ratios of cells and temporal 
kinetics of gene knockdown [53]. This manner of 
regulating differential gene expression alters the sub- 
sequent receptiveness of cells to morphogen signals, 
which could be used to control cell divergence during 
organoid development. Similarly, optogenetic control of 
spatiotemporal transcriptional and intercellular 
signaling events has been used to manipulate cell fate 
commitment and stimulate morphogenesis in develop- 
mental model organisms [54,55] and could therefore be 
applied to patterning multicellular PSC organization. 
Microfluidic systems engineered to control signaling 
gradients can define extracellular chemical microenvi- 
ronments that instruct cell patterning events, such as 
neural tube morphogenesis [56]. Therefore, bioengi- 
neering strategies that are informed by developmental 
biology principles can improve many aspects of organoid 
creation, such as controlled spatiotemporal organization 
reminiscent of native patterning. 


‘Technological advances capable of single-cell spatio- 
temporal resolution are needed to more accurately 
assess the relationship between organoid specification 
and organization. Single-cell RNA-sequencing has 
become a powerful tool to characterize the cellular di- 
versity within organoids and map the temporal trajectory 
of cell phenotypes and emergence dynamics when 
sampled frequently enough. However, single-cell RNA- 
sequencing of dissociated organoids fails to capture 
spatial information and rare cell populations escape 
detection unless sufficient sequencing depth is ob- 
tained. Spatial transcriptomics integrate histological 
tissue sectioning with RNA-sequencing to couple 
spatial information with gene expression [57], but the 
spatial resolution is not yet at the single-cell level. 
Furthermore, hundreds of serial sections spanning the 
entirety of an individual organoid would be required to 
comprehensively reconstruct 3D spatial structural/ 
phenotypic network information. Advances in 3D mi- 
croscopy, especially light sheet fluorescence 
microscopy methods, enable imaging of intact tissues 
(fixed and live) with increased depth penetration and 
decreased photobleaching [58,59]. However, although 
light sheet fluorescence microscopy permits complex 


Human organoid development ex vivo Matthys et al. 165 


3D spatial mapping with high spatial resolution, it is a 
relatively low-throughout assay that is limited to a small 
number of markers at a time and is therefore not 
amenable to unbiased detection of spatial phenotypes. 
Ongoing advances in analytical methods for 3D spatial 
phenotypic mapping should directly benefit organoid 
research efforts. 


Conclusions 

The spread of organoid models has yielded novel insights 
into human development and provided new biological 
substrates to directly study human homeostasis and dis- 
ease ex vivo. However, rigorous standards should be 
followed to accurately describe 3D multicellular assem- 
blies of stem/progenitor cells as true organoids and 
distinguish them from simpler engineered tissue con- 
structs that fail to attain higher order structure and 
function. Currently, an imbalance in the adoption of 
organoids is reflected by the relative amount of research 
that has favored the use of more robust and reproducible 
systems. Technical advances in methods to control the 
emergence of different cell types comprising organoids 
and characterize phenotypic organization and integration 
will inevitably lead to new and refined organoids that will 
continue to permeate all aspects of biomedical research. 
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